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Abstract

Pelagic food webs in 15 lakes from European mountains were investigated during ice-free seasons. Eight lakes
were acidified: pH below 6, alkalinity below 20 peq I'". The range of total phosphorus (TP) in all lakes was
0.5-12.5 pg I without relation to pH. In alpine catchments, the only lakes with TP above 5 pg I'' were
Starolesnianské pleso (Slovak Tatra, catchment with high soil cover), and Jorisee 11 (Swiss Alps, glacier in-
tflow). Bacteria (BAC) were more important in pelagic food webs, both in terms of biomass and of activities,
than in lowland lakes and reservoirs. Heterotrophic protozoans were mostly scarce. Total pelagic biomass (Tbi)
was directly correlated with TP concentration (log/log). Total heterotrophic microbial biomass (THMi) reached
8.1t 170 ng I C, ie. 5 to 90% of Tbi. The highest THMi were found in Bohemian Forest. In Starolesnian-
ské pleso the highest phytoplankton biomass (PHY) and PHY/THMIi ratio were observed. The lowest zoo-
plankton (ZOO) to PHY and ZOO/Tbi ratios occurred in the lakes of Bohemian Forest and of Tatra Mts. The
percentage of exudation in total primary production was higher at low total production (20 - 90 in alpine lakes).
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Introduction

Mountain lakes, remote and often hardly accessible, are oligotrophic, though they might be
loaded by nutrients (N oxides, ammonia) from the air. They are exposed to harsh abiotic con-
ditions, long ice and snow cover, sudden fluctuations of rain and flow. In the areas with crys-
talline bedrock. they are sensitive to acidification. Nevertheless, biological in-lake processes
might significantly change the chemistry of rainwater loaded to their catchment.

Pelagic food webs of mountain lakes are often rather simple compared to lowland lakes.
Fish might be absent or scarce and sometimes not able to reproduce in the lake. Fish species
present are not planktivorous, though at low food resources omnivory is to be expected. Het-
erotrophic component of plankton is more important and should not be neglected (Fort &
al. 1992, STrasKrRABOVA & Simek 1993).

In clear-water mountain lakes (not dystrophic) of European mountains, phosphorus is ex-
pected to be a major limiting nutrient since nitrogen is supplied from the atmosphere. In al-
pine catchments, external loading by organic carbon is low (Baron & al. 1991) and primary



production is a significant source of organic carbon. So a relation of pelagic biomass to phos-
phorus is to be expected. A lot of data from meso- to eutrophic lakes were summarized to
find chlorophyll (or primary production or phytoplankton biomass) to P relations and to pre-
dict or to control eutrophication (VoLLENWEIDER & KEREKES 1982). Models for predicting
phytoplankton and zooplankton biomasses in meso- to eutrophic lakes under a different P
loading were constructed (ANDERSEN 1997) presuming that herbivores are related to primary
producers. Bacteria have not been considered as a part of pelagic biomass, though they might
be important sources or sinks for nutrients (STRASKRABOVA & al. 1999b) utilizing both alloch-
thonous and autochthonous production. A scarcity of zooplankton and a simplicity of pelag-
ic food webs with an important bacterial component have been documented in the lakes of
Tatra Mts and Bohemian Forest (Fort & al. 1992, Fort & al. 1994, Vrea & al. 1996).

In the present study we have evaluated a unique set of quantitative data on pelagic bio-
mass including bacteria and protozoans from low-alkalinity lakes in various European moun-
tains. We have tried to clucidate relations between total pelagic biomass and phosphorus in
oligotrophic and ultraoligotrophic lakes and the interrelations between particular components
of plankton with the special emphasis on microbes. We hypothesize that towards decreasing
trophy, the relative importance of bacterial component increases, which is connected with the
following phenomena: (i) with decreasing trophy and primary production the percentage of
extracellular release (readily utilizable by bacteria) was found to increase (STRASKRABOVA &
al. 1999a), (ii) with decreasing trophy the ratio of zooplankton to phytoplankton biomass
decreases especially in acidified lakes.

Material and methods

Lakes

15 lakes in European mountain ridges were investigated (Table 1). All the lakes are situated
on crystalline bedrock, they are of glacial origin, without permanent inhabitants and without
any considerable anthropogenic pollution in their catchments (except of air pollution). They
are head water lakes, except of the Norwegian lake @vre Nedadalsvatn, which is the second
lake. Geographic location of the lakes covers a rather broad range, from 37°03" N to 67°55’
N and from 3°13’W to 32°30’E (from La Caldera to Chuna), and from to 420 to 3050 m a.s.l.
of elevation (from the most northeast lake Chuna to the most southwest La Caldera). Except
of the three lakes in Bohemian Forest (Sumava, CZ) in forested catchments, all the other
lakes are in alpine catchments above a local timber line. Among alpine lakes, Starolesnian-
ské and Gossenkollesee have a considerable soil cover in their catchments. The lakes differ
in morphometry as well as in hydrology: water residence time is below 35 days in @vre
Neadalsvatn, Paione Superiore and Diugi Staw. whereas it is 100 to 350 days in the others.
Jorisee is fed by the inflow from glacier. Lakes in Bohemian Forest and in Tatra Mts receive
the highest nitrogen loading (deposition above 0.7 g m~y™"' N), whereas @vre Neddalsvatn
received less than 0.35 ¢ m~y~' N. Acidification is most pronounced in the lakes of Bohemi-
an Forest (pH 5 and lower), and less severe (pH between 5-6) in Starolesnianské, Diugi Staw,
Paione Superiore, Lochnagar and Stavsvatn. Attempts to introduce fish into the originally
fishless lakes have occurred frequently, but recently, fish (brown trout) were found to survive
only in 7 lakes: @vre Neddalsvatn, Chuna, Redo, Jorisee, Gossenkollesee, and without in-lake
reproduction in Stavsvatn and Lochnagar. Data on chemistry and atmospheric loading of
lakes were reported by THE MOLAR Water CHemisTRY Group (1999), Vrea & al. (1996),
KorACEK & HEizLAR (1998).
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Table 2. — Description of sampling — “data partly elaborated by other authors, ““all data elaborated by other
authors.

Lake Years of study Number of layers Total number

(ice-free seasons) per sampling of samplings
Lochnagar 1996, 1997 3 6
Stavsvatn 1996, 1997 3 7
Avre Neddalsvatn 1996, 1997 3-5 7
Chuna ozero” 1996, 1997 3 6
La Caldera™ 1996, 1997 4 10
Estany Redo™ 1996, 1997 4 I
Jorisee 1T 1996, 1997 3 | 8
Lago Paione Superiore” 1996, 1997 2 9
Gossenkollesee’ 1996, 1997 5 : 8
Starolesniunské pleso 1996, 1997 -2 ' 1
Nizné Terianské pleso 1996, 1997 3 10
Diugi staw’ 1996, 1997 2-4 7
Plesné jezero 1997, 1998 2-5 13
~ Prasilské jezero 19971998 2-5 { 10
Certovo jezero i 1997, 1998 2-5 12

Sampling

Samples were taken at the deepest site in the lake during two ice-free periods, at least three
times cach season, in one to five layers, according to the lake maximum depth (see Table 2).
A vertical sampler (van Dorn-type) was used for sampling bacteria, heterotrophic nanoflagel-
lates, ciliates, phytoplankton and small (<40um) zooplankton. A quantitative net (200 um
mesh size) of the Apstein type was used for large zooplankton.

Primary production, exudation and utilization by bacteria was measured in three lakes
(@vre Neddalsvatn, Starolesnianské pleso and Dtugi Staw) during expeditions in 1996 and
1997 and regularly in the three lakes of Bohemian Forest during 1997 and 1998.

The sampling procedure and the elaboration of samples followed the unified protocole
used in MOLAR (EC 4" framework programme) project (details in STRASKRABOVA & al.
1999a).

Bacteria (BAC)

Samples preserved by formaldehyde were filtered through polycarbonate filters (0.2 um
pores), stained by DAPI (Porter & Fei 1980) and counted using an epifluorescent micro-
scope. Cells were sized by semiautomatic image analysis system and volumes calculated ac-
cording to Psenner (1993). In cases when filamentous bacteria prevailed, total length of fila-
ments was assessed by the line-intercept method (NEwMaN 1966, Nepoma & al. 2000).
Bacterial carbon biomass was derived from the allometric cell volume/cell C content ratio
reported by Norranp (1993).

Heterotrophic flagellates (HNF)

Formaldehyde fixed samples were concentrated on 1 pm pore size black polycarbonate fil-
ters, stained with DAPI and counted in an epifluorescent microscope (each flagellated indi-
vidual checked for the presence of autofluorescencing plastids). Cell lengths and widths were



measured with a calibrated ocular micrometer and volumes calculated as prolate spheroids.
Cell volumes were converted to carbon by a factor of 220 fg C um™ (BorsHem & Brarsack
1987).

Ciliates (CIL)

Samples fixed with a Lugol’s solution (VOLLENWEIDER 1974) were sedimented and assessed
in sedimentation chambers under an inverted microscope. Cell lengths and widths were
measured and volumes calculated as prolated spheroids. After correction for shrinkage in
Lugol by a factor of 1.4 (MULLER & GELLER 1993), volume biomass was converted to carbon
by a factor of 140 fg um= (Putt & STOECKER 1989).

Phytoplankton (PHY)

Lugol preserved samples were concentrated by sedimentation and assessed in sedimentation
chambers under an inverted microscope. Cells were determined, counted and cell dimensions
measured using an electronic caliper connected to a PC (LEGNER & SpruLks 1993). Indivi-
dual cell volumes of the main species were calculated as volumes of geometrical bodies ap-
proximating shapes of the cells. Conversion factor of 0.2 was used to convert volume biom-
ass (mm?) to carbon (mg). The factor was checked in the culture of Rhodomonas sp., culti-
vated in a P-limited chemostat (see STRASKRABOVA & al. 1999a).

Zooplankton (ZOO)

Formaldehyde preserved concentrated samples were washed on a 40 um sieve before elabo-
ration and counted microscopically in the chambers of Sedgwick-Rafter or Uterméhl type.
The biovolume of rotifers was estimated according to Rurtner-Kovisko (1977), volumes of
species, which contract after preservation, were calculated as ellipsoids. Biovolume was con-
verted to carbon assuming dry-to-wet weight ratio 0.1 (Pace & Orcutt 1981) and carbon-to-
dry weight ratio of 0.5. A similar procedure was used for nauplii, volumes were calculated
according to Manca & Comott (1999). The biomass of other crustaceans was estimated from
their length-dry weight relationships (McCautey 1984), assuming carbon as 50 % of dry
mass.

Primary production and exudation

The layers 0.5 m and 2x Secchi disc depth were sampled plus another 1 to 3 layers between
(according to the depth of lake). From the same layers samples for inorganic carbon (DIC)
were taken. From each layer, two dark and two light quartz glass bottles (200 ml) were filled
and "C-bicarbonate (0.5 MBq in 50-200 ul) added to each. Exposition was at the sampling
depths for 2-3 hours and then the samples were immediately elaborated.

A 1 ml subsample from cach bottle was transferred into a vial with a-phenethylamine for
the determination of total activity. A defined volume of a sample was then filtered through
an ,algal” filter (I wm porosity Nuclepore, according to the size of prevalent algac), the fil-
ter placed into the scintillation vial (A) and the filtrate collected. 10 ml of filtrate was trans-
ferred into the scintillation vial (B+C), acidified by HCI, left opened overnight and then neu-
tralized by NaOH. The rest of filtrate was preserved by formaldehyde and later filtered
through 0.2 pm filter to collect bacteria (B). Radioactivity was measured by liquid
scintillation. Values from light bottles were corrected for dark bottle values. DIC was deter-
mined by carbon analyzer or estimated from pH and alkalinity (using GraN titration) after
correcting for temperature and ionic strength. Carbon production in all fractions was calcu-
lated from the ratio of total activity added and DIC, corrected for isotope discrimination of
phytoplankton (VOLLENWEIDER 1974).



Values are interpreted as follows: (A+B+C) = gross primary production (total production),
(A) = net primary production (algal cell production), (B+C) = extracellular production (exu-
dation), (B) = part of extracellular production incorporated by bacteria during the exposure.
Bacterial respiration of phytoplankton exudates used during the exposition was neglected. In
samples with large filamentous bacteria as well as in samples with autotrophic picoplankton,
the size separation between bacteria and phytoplankton is not possible and only (A+B) =
phytoplankton cellular production plus part of extracellular production used by bacteria, and
(C) = extracellular production not used by bacteria, could be distinguished.

Results

For each lake, average biomasses (expressed as ug carbon per volume) of particular plank-
ton components — bacteria, heterotrophic nanoflagellates, ciliates, phytoplankton and small
zooplankton — were calculated after pooling the data from all sampling depths and all sam-
pling dates per two ice-free seasons. Table 3 shows the average biomasses of total he-
terotrophic microbes (bacteria plus heterotrophic nanoflagellates plus ciliates), of he-
terotrophic nanoflagellates, of ciliates, of total zooplankton, of total phytoplankton as well
as the total pelagic biomass. Lakes are ordered according to the total heterotrophic microbial
biomasses, starting with the highest values. The highest heterotrophic microbial biomasses
as well as the highest total pelagic biomasses were found in the lakes of Bohemian Forest
(forested catchments) and in Starolesnianské pleso (a lake in alpine zone, but with a high
proportion of soil in its catchment). Heterotrophic protists were scarce in many lakes and they
did not surpass 5% of total heterotrophic biomass in 6 lakes: in the lakes of Bohemian
Forest and in Lochnagar, Diugi Staw, and Jérisee 11I. Autotrophic picoplankton was very

Table 3. — Data on structure of pelagic biomass expressed in carbon (ug 1" C) — average values of all sam-
pled layers and all samplings per lake. THMi - total heterotrophic microbial biomass (bacteria, HNF and
CIL), HNF - heterotrophic nanoflagellates, CIL - ciliates, ZOO — zooplankton, PHY — phytoplankton, Tbi -
total pelagic biomass (THMi +ZO0+PHY)), * values from references: CarLiErI & BErRTONI (1999), FELip & al.
(1999), Forr & al. (1999), Hinper & al. (1999a), HINDER & al. (1999b), PUGNETT! & BETTINETTI (1999), STrA-
SKRABOVA & al. (1998), WiLLE & al (1999).

Lake | THMi | HNF | CIL Z00 | PHY Tbi
Plesné jezero 169.0 ‘ 2.80 0.60 0.10 168.5 338.4
| Certovo jezero 142.4 0.05 0.40 0.01 76.4 218.8
Pragilské jezero 75.6 0.10 0.50 53.70 228.8 358.1
Starolesnianské pleso 51.4 14.60 4.50 4.73 880.0 936.0
Lago Paione Superiore 29.3 5.22 #2.21 *51.30 120 | 92.5
Lochnagar 28.4 1.85 | 0.07 29.30 10.8 | 68.5
Stavsvatn 20.5 1.85 0.20 29.30 46.7 114.0
Dilugi staw 18.5 0.29 *0.06 <0.01 2.0 20.5
Jorisee 111 17.9 293 <0.01 16.60 14.8 49.3
Gossenkollesee #16.1 "5.99 | "0.21 27.20 84.9 128.0
Nizné Terianské pleso 15.5 0.69 1.05 2.81 25.4 43.7
Estany Redd 11,9 *.15 *4.04 *5.50 *34.1 "51.4
Qvre Neddalsvatn 11.8 0.76 0.33 7.25 10.9 29.9
Chuna ozero 8.1 0.59 0.10 *64.10 44,1 116.0
La Caldera *6.9 *0.11 #2.82 “21.40 #42.1 #70.4




scarce or absent in most lakes and it was found regularly only in Lochnagar and Jorisee I11.

The proportion of bacteria in the total pelagic biomass was 30 to 89 % in 7 lakes: Ple¥né,
Certovo, Lochnagar, Diugi Staw, Jorisee 111, Nizné Terianské and @vre Neddalsvatn. In five
lakes (Starolesnianské, Gossenkollesee, Estany Redd, Chuna, La Caldera), bacterial share in
total biomass was very low — 3.5 to 8%.

Total pelagic biomasses (TBi) were significantly correlated (P<0.001) with total phospho-
rus concentrations (TP) in log/log scale (Fig. 1). Phosphorus concentrations were referred
according to THE MOLAR Water CHeEmiSTRY Group (1999), they were analyzed in surface
layers and averaged per the whole two-year sampling period, including several data from
winter. They might be considered as characteristic values indicating the trophic status of par-
ticular lakes. The only exception from TBi/TP relationship was the lake Jorisee III (not in-
cluded in correlation) where at P concentration comparable with that in the Bohemian Forest
lakes both the total pelagic biomass, phytoplankton biomass and heterotrophic microbial bio-
mass reached 7x, 12x and 10x lower values, respectively (compare Table 3).

Similarly, a significant correlation (P<0.001, r = 0.82, n = 14) was found between phy-
toplankton biomass and TP (again with the exclusion of Jorisee III). The log/log regression
has not only a lower intercept (0.52 compared to 0.88). but also a lower slope (0.59 compared
to 0.78) than the log/log regression of total pelagic biomass vs P shown in Fig. 1.

In Fig. 2, both the biomasses of phytoplankton and zooplankton (not transformed to logs)
are plotted vs log P. Unlike phytoplankton. the zooplankton biomass did not correspond
either to total P or to total pelagic biomass. In several lakes, the zooplankton biomass is
extremely low compared to phytoplankton biomass, like in the three lakes of Bohemian
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Fig. 1 — Total pelagic biomass vs. total P, log/log plot, averages.
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Fig. 2 - Phytoplankton and zooplankton biomass vs. total P. semilog plot, averages.

Forest and in two lakes of Tatra Mts (Starolesnianské pleso and Diugi Staw). which are
acidified, with the average pH in surface layer below 5.6 (see Table 1). However, in lake
Lochnagar (Scotland) with pH 5.3, zooplankton was rather abundant.

We found a remarkably low abundance of all grazers (compared either to total biomass or
to the biomass of their prey) in the acidified lakes of Bohemian Forest and Tatra Mts. Both
the heterotrophic protozoans (HNF and CIL) were low compared to bacteria (biomass ratios
below 0.008, except of Starolesnianské pleso with the ratio 0.6), and zooplankton to phy-
toplankton biomass ratios were below 0.01, also with one exception (Prasilské lake with the
ratio 0.2).

Zooplankton to phytoplankton ratios, however, were remarkably lower in all the Bohe-
mian Forest lakes and in all the Tatra lakes, than in the others, irrespective of pH and total P
concentration. In Bohemian Forest and Tatra lakes, at the pH range of 4.8 — 6.5 and total P
range of 0.05 to 12.5 pg 1", zooplankton to phytoplankton biomass ratios were found to vary
between 0.0001 and 0.23. In all the other lakes (pH range 5.3-8.1 and total P range 1 to 11),
the ZOO/PHY ratios varied between 0.19 and 4.29.

Primary production was measured in @vre Neadalsvatn (August 1996, July 1997),
Starolesnianské pleso (June and August 1997) and Dtugi Staw (September 1997). No au-
totrophic picoplankton nor filamentous bacteria were found during the dates of measurement,
so the size separation between phytoplankton and bacteria was quite efficient. In the lakes of
Bohemian Forest primary production was measured frequently during ice-free seasons of
1997 and 1998, but filamentous bacteria were always rather abundant (forming 60 to 70% of
bacterial carbon biomass at the average), so the exudates taken up by bacteria could not be
determined.



In the former three lakes, the total primary production (average per water column) covered
arange of 0.2-11 pg I'" h"' C and the percentage of exudation in total primary production
was found to be indirectly proportional to total primary production (Fig. 3). Data from simi-
lar measurements in a lowland eutrophic reservoir Rimov (total production range 8 — 20
ug I"h7' C) are included for comparison. In the alpine lakes, the percentage of exudation was
between 20 to 90% whereas it was only 8 to 35 % in the reservoir. During 2 h of exposition,
10 to 46 % of exudated C were incorporated by bacteria.

In the three lakes of Bohemian Forest, the averages of total primary production (per
column and per seasons) were found in the range 1 — 3 pug I h™' C. Dissolved labelled or-
ganic C was 15 to 20% of total production. If we suppose similar percentual uptake by bac-
teria as in the former lakes, the percentage of exudation would be 22 to 35%.

Discussion

In a large set of data from the lakes of Tatra Mountains (both Slovak and Polish), Kopricek &
al. (2000) showed that there is a significant correlation between bacterial numbers and total
phosphorus concentration and between chlorophyll and total P in individual samples col-
lected during two years in the autumn from surface layers. However, chlorophyll concentra-
tions were also affected by pH, showing a minimum in the pH range of 4 to 5, and higher
chlorophyll values in lakes below pH 4 (such lakes were usually humic ones and they were
not included in the survey presented here). Zooplankton in Tatra Mts lakes was not correlat-
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Fig. 3 - Percentage of exudation plotted versus total (gross) primary production in Rimov Reservoir and moun-
tain lakes, individual measurements. averages per water column (euphotic part).



ed in the former study, because of a scarce zooplankton abundance and the lack of quantita-
tive data on its biomass.

The scarcity of pelagic crustaceans both in the lakes of Tatra Mts and of Bohemian Forest
seems to be connected with an increased concentration of aluminium (especially reactive Al)
at low pH. The data on reactive Al are not available from all the other lakes.

Bacteria composed 21 to 90% of total pelagic biomass in 10 out of 15 lakes studied, and
less than 10% in 2 of the lakes. In meso- to eutrophic reservoirs the share of bacteria was
found to reach 4.5 to 21.8 % in 6 annual averages and varied from 1 to 19.8 in 10 samplings
during ice-free seasons. In various meso- to eutrophic lakes it reached 1 to 5% (STRASKRABOVA
& KomARKOVA 1979, STraskrABOVA & al. 1999b). Compared to this, it could be summarized
that the percentual share of bacteria in the total biomass is significantly higher in oligotrophic
and ultraoligotrophic clear water lakes than in the lakes of higher trophy. On the other hand,
in oligo- to mesotrophic humic lakes the percentual share of hetrotrophic protists might be
considerable (sometimes surpassing the biomass of phytoplankton) and bacteria reached up
to 10%, but only in cases where metazooplankton is not developed. After the development
of filtering zooplankton, the biomass of protists and phytoplankton dropped considerably and
bacteria may reach more than 80% (KeskitaLo & ELORANTA 1999).

Correlation between total pelagic biomass (or phytoplankton biomass) with total phospho-
rus suggested that not only primary producers and metazoic grazers, but also decomposers
are probably phosphorus limited. The only exception — Jorisee III, is the lake with a turbid
inflow from glacier. Here a light limitation of primary production might occur, and/or the
phosphorus is not readily available due to adsorption to mineral particles.

The correlation between biomass and phosphorus seems not to be affected by differences
in total organic carbon concentrations as we could expect, since the heterotrophic biomass
could also use allochthonous organic carbon. In the alpine lakes studied, total organic carbon
varied from 0.4 to 2.3 and in the lakes from forested catchment it was up to 5.2. Yet, the
maximum total pelagic biomass and maximum phytoplankton biomass were reached in
Starolesnianské pleso with the average TOC 1 mg I"' and TP 8 pg 1"!, and 3 to 4 times lower
biomasses occurred in in the lakes in forested catchment at a higher TOC 2.9 — 5.2 mg I”'
and TP 8.1 to 12.5 pg I,

A possible explanation might be the high percentual exudation of primary producers. The
exudates are readily used by bacteria and most probably they are a preferred substrate com-
pared to the allochthonous carbon. Though the values of total primary production found in
mountain lakes were ten times (or more) lower than in lowland, the percentage of extracellu-
lar release is considerably higher and bacteria can use exudates as an energy source. Since
bacteria are known to sequester phosphorus at very low concentrations more effectively than
phytoplankton, they can grow on exudates and then serve as P source for phagotrophic
mixotrophs like Dinobryon. Primary production and connected bacterial processes apparent-
ly are of considerable importance in pelagic region of mountain lakes during ice-free season
and bacterial biomass and activitiy should be considered as important, though some bacte-
rial processes surely are limited by low temperature.

Conclusions

In oligotrophic mountain lakes with low or moderate alkalinity, bacteria and phytoplankton
are the major components of pelagic biomass. The share of metazoic plankton is very low
especially in the lakes of Tatra Mt and of BohemianForest. In these lakes, bacteria reached
40 to 89% of total pelagic biomass.

Heterotrophic protozoan grazers are not numerous even in lakes without metazoic plank-
ton.



Both the phytoplankton and the total pelagic biomass (expressed as carbon) is directly pro-
portional to total phosphorus concentration in clear (not turbid) lakes. The lakes are phospho-
rus limited similarly in alpine and forested catchments.

Total primary production is by one to two orders of magnitude lower than in the meso- and
eutrophic lowland lakes. However, a remarkable percentual extracellular release was ob-
served in most oligotrophic lakes: 40 to 90%. Exudates were immediately used by pelagic
bacteria.

There are still some questions remaining:

Why is the abundance of heterotrophic protozoan grazers low in acidified lakes where the
filtering metazoic zooplankton is scarce? Is it due to competition with mixotrophic flagel-
lates?

What is the importance of phytoplankton exudates as a source for pelagic bacterial produc-
tion compared to organic loading from the catchment? Is the allochthonous organic source
in alpine lakes really not significant?

Acknowledgements. The research in alpine lakes has been supported by EU Environment and Climate Pro-
gramme, projects MOLAR (ENV4-CT95-0007) and EMERGE (EVK1-CT-1999-00032). Lakes in Bohemian
Forest have been investigated under the support by the Grant Agency of the Czech Republic, projects 206/97/
0072, 206/98/0727 and 206/00/0063. Since 1999, the investigations have been included in institutional projects
CEZ:A62/98:76-017-9-ii (Hydrobiological Institute) and CEZ:J06/98:123100004 (University of South Bohe-
mia). The authors are indebted to many colleagues who helped in the field work, sampling and further elabo-
ration, and/or provided their (partly unpublished) data for comparison: especially to J. Kopacek, J. Borovec,
M. Blazo. O. Strunecky, L. Nedbalovd, J. Komdrkova, O. VrtiSka, K. Wiaczkowski, the teams from Istituto
Italiano di Idrobiologia in Pallanza, from University of Innsbruck. University of Barcelona, University of
Granada, and to site operators J. Keay (Lochnagar), L. Lien (Norwegian lakes), T. Moiseenko (Chuna), I. Baur
and B. Hinder (Jorisee), A. Lami (Paione), A. Wille (Gossenkollesee), F. Sporka (Ni7zné Terianské), E. Stuchlik
(Starolesnianské) and J. Galas (Dlugi Staw).

References

ANDERSEN T., 1997: Pelagic nutrient cycles: herbivores as sources and sinks. Ecological studies 129, Springer-Verlag
Berlin, Heidelberg, New York. 280 pp.

BaroN J.S., McKNIGHT D. & DENNING A.S., 1991: Sources of dissolved and particulate organic material in Loch Vale
watershed, Rocky-Mountain-National-Park, Colorado, USA. Biogeochemistry, 15: 89-110.

BorsHeM K. Y. & BratBack G.. 1987: Cell volume to carbon conversion factors for bacterivorous Monas sp. enriched
from seawater. Marine Ecology Progress Series, 36: 171-175.

Cartiert C. & Bertont R., 1999: Organic carbon and microbial food web assemblages in an oligotrophic alpine lake.
In: Pelagic food web in mountain lakes. MOuntain LAkes Research Program, STRaSKrRasovA V., Carrieri C. & Forr J.
(eds), Journal of Limnology, 58: 136~143.

Feuir M., Bartumeus F., Havac S. & Cataran J., 1999: Microbial plankton assemblages, composition and biomass,
during two ice-free periods in a deep high mountain lake (Estany Redo, Pyrenees). In: Pelagic food web in moun-
tain lakes. Mountain LAkes Research Program, Straskraova V., Carrieri C. & Forr J. (eds), Journal of Limnology,
58:193-202.

ForrJ., Stuchuik E., STUCHLIKOVA Z., STRASKRABOVA V., KopACEK J. & Simex K., 1992: Acidification of lakes in the Tatra
Mountains (Czechoslovakia) and its ecological consequences. /n: Limnology on groups of remote lakes: ongoing
and planned activities, MoseLLo R., WatHne B.M. & Giussant G.(eds), Documenta dell* Istituto Italiano di Idrobio-
logia, 32: 69-81.

Forr J., PRAZAKOVA M., STUCHLIK E. & STUCHLIKOVA Z., 1994: Acidification of lakes in Sumava (Bohemia) and in the
High Tatra Mountains (Slovakia). Hydrobiologia 274: 37—47.

ForrJ., BLaZo M., STuchLik E. & Strunecky O.. 1999: Phytoplankton in three Tatra mountain lakes of different acidi-
fication status. /n: Pelagic food web in mountain lakes Mountain Lakes Research Program, STRaSkraBoVA V., CALLI-
eri C. & Forr J. (eds.) Journal of Limnology, 58: 107-116.

Hinper B., Baur 1., Hansemann K. & Schanz F., 1999a: Microbial food web in an oligotrophic mountain lake (Jori
Lake II1, Switzerland). In: Pelagic food web in mountain lakes Mountain Lakes Research Program, STRASKRABOVA V.,
Carriert C. & Forr J. (eds), Journal of Limnology, 58: 162-168.

Hinper B., GaBaTHULER M., STEINER B.. HANSELMANN K. & Preissic H.R., 1999b: Seasonal dynamics and phytoplank-



ton diversity in high mountain lakes (Jori lakes, Swiss Alps). In: Pelagic food web in mountain lakes Mountain Lakes
Research Program, STRASKRABOVA V., Carviert C. & Forr J. (eds), Journal of Limnology, 58: 152-161.

KeskiTaLo J. & ELorANTA P. (eds), 1999: Limnology of humic waters. Backhuys Publishers Leiden, 286 pp.

Koracek J. & HezLar J., 1998: Water chemistry of surface tributaries to the acidified mountain lakes in the Bohemian
Forest. Silva Gabreta, 2: 175-197.

Koracek J.. Stucnuik E., STRASKrABOVA V. & PSENAKOVA P., 2000: Factors governing nutrient status of mountain lakes
in the Tatra Mountains. Freshwater Biology, 43: 369-383.

LeGNER M. & SpruLes W.G., 1993: Preservation and computer aided microscopic analysis of planktonic protozoa and
algae. Journal of Aquatic Ecosystems Health, 2: 221-227.

Manca M. & ComoLt P., 1999: Studies of zooplankton of Lago Paione Superiore. In: Pelagic food web in mountain
lakes Mountain Lakes Research Program, Straskraova V., Carrieri C. & Forr J. (eds), Journal of Limnology, 58:
131-135.

McCauLey E., 1984: The estimation of the abundance and biomass of zooplankton in samples. In: A manual on me-
thods for assessment of secondary productivity in freshwaters. DowninG J.A. & RicLer F-H. (eds), Blackwell Scien-
tific Publications: 228-2635.

MEDINA-SANCHEZ J.M., VILLAR-ARGAIZ M., SANCHEZ-CASTILLO P., CrUz-Pizarro L. & CarriLLO P, 1999: Structure chan-
ges in a planktonic food web: biotic and abiotic controls. /n: Pelagic food web in mountain lakes Mountain Lakes
Research Program, Straskrapova V., Cartiert C. & Forr J. (eds), Journal of Limnology, 58: 213-222.

MuLLer H. & GerLer W., 1993: Maximum growth rates of aquatic ciliated protozoa: the dependence on body size and
temperature reconsidered. Archiv fiir Hydrobiologie, 126: 315-327.

Nepoma J., Versa J.. Hanze T. & NepsaLova L., 2000: Quantification of pelagic filamentous microorganisms in aquatic
environments using the line-intercept method. FEMS Microbiology Ecology, in press.

Newman E.L, 1966: A method of estimating the total length of root in a sample. Journal of Applied Ecology 3: 139~
145.

Norranp S., 1993: The relation between biomass and volume of bacteria. In: Handbook of methods in aquatic micro-
biology, Kemp P, SHERR B., SHERk J. & CoLe J. (eds), Lewis Publ. Boca Raton : 303-308.

Pace M.L. & Orcutr J.D.Jk., 1981: The relative importance of protozoans, rotifers and crustaceans in freshwater zoo-
plankton community. Limnology and Oceanography, 26: 822-830.

Porter K.G. & Feic Y.S., 1980: The use of DAPI for identifying and counting aquatic microflora. Limnology and
Oceanography, 25: 943-948.

PsENNER R., 1993: Determination of size and morphology of aquatic bacteria by automated image analysis. In: Hand-
book of methods in aquatic microbiology, Keme P, Stuerr B., Sutrr J. & Core J. (eds), Lewis Publ. Boca Raton:
339-345.

PucneTTI AL & BETTINETTIR ., 1999: Biomass and species structure of the phytoplankton of a high mountain lake (Lake
Paione Superiore, Central Alps, ltaly). In: Pelagic food web in mountain lakes Mountain Lakes Research Program,
StrRASkRABOVA V., Carrierr C. & Forr J. (eds), Journal of Limnology, 58: 127-130.

Purr M. & Stoecker D.K., 1989: An experimentally determined carbon:volume ratio for marine ,,0ligotrichous,, cili-
ates from estuarine and coastal waters. Limnology and Oceanography, 34: 1097-1103.

RutTner-Korisko A, 1977: Suggestions for biomass calculations of plankton rotifers. Archiv fiir Hydrobiologie Bei-
hefte. Ergebnisse der Limnologie, 8: 71-76.

STRASKRABOVA V. & KoMARKOVA J., 1979: Scasonal changes of bacterioplankton in a reservoir related to algae. I. Num-
bers and biomass. Internationale Revue der gesamten Hydrobiologie, 64: 285-302.

StraskraBovA V. & Simex K., 1993: Microbial loop in lakes and reservoirs related to trophy and metazooplankton
development. Verhandlungen der internationalen Vereins fiir Limnologie, 25: 1183-1186.

STRASKRABOVA V., KOPACEK J., PrOCHAZKOVA L. & VrBA J., 1998: Die Versauerung der Seen in Béhmerwald, Ursachen,
Trends und Folgen fiir die biologischen Prozesse und die Wasserqualitiit. In: Gewdisserschuiz im Einzugsgebiet der
Lilbe, BornuGrt D., Boucek J., FeLomany H., Gerrer W., Guar H., Monavet V., PUNCOCHAR P, Sinon M., Surrik J.,
Spoustova J. & Unimann O. (eds), 8. Magdeburger Gewdisserschutzseminar, Karlovy Vary 21.-23.10.1998, Ergin-
zungsheft p. 74-77, UFZ Leipzig-Halle, B.G. Teubner, Stuttgart-Leipzig.

STRASKRABOVA V., CaLLIERI C., CARRILLO P., CRUZ-P1ZARRO L., FoTT J., HATRTMAN P., MACEK M., MEDINA-SANCHEZ J. M.,
Nepoma J.& Simex K., 1999a: Investigations on pelagic food webs in mountain lakes — aims and methods. In: Pela-
gic food web in mountain lakes Mountain Lakes Research Program, Straskrasovi V., CaLuieri C. & Forr J. (eds),
Journal of Limnology, 58: 77-87.

StrRASKRABOVA V., SiMek K. & NEDOMA J., 1999b: Importance of pelagic bacteria in lakes and reservoirs of different
trophy. — Implications for long-term monitoring. In: Sustainable Lake Management, 8" Internat. Conf. on the Con-
servation and Management of Lakes, LAKE’99, 17-21 May 1999, Copenhagn-Denmark, Vol. I, S7C-5.

Tie Morar Water CHEMISTRY Group, 1999: The MOLAR Project: atmospheric deposition and lake water chemistry.
In: Pelagic food web in mountain lakes Mountain Lakes Research Program, Straskrasovs V., Carrieri C. & Forr J.
(eds). Journal of Limnology, 58: 88-106.



VOLLENWEIDER R.A. (Ed.), 1974: A manual on methods for measuring primary production in aquatic environments. 2"
edition, IBP Handbook No. 12, Blackwell Scientific Publications: 225pp.

VOLLENWEIDER R. & KEREKES J., 1982: Eutrophication of waters, monitoring, assessment and control. OECD, Paris.

ViBa J., KoPACEK J., STRASKRABOVA V., HEJZLAR J. & SiMek K., 1996: Limnological research of acidified lakes in Czech
part of the Sumava Mountains: trophic status and dominance of microbial food webs. Silva Gabreta, 1: 151-164.

WILLE A., SONNTAG B., SATTLER B. & Psenner R., 1999: Abundance, biomass and size structure of the microbial assem-
blage in the high mountain lake Gossenkdllesee (Tyrol, Austria) during the ice-free period. In: Pelagic food web in
mountain lakes Mountain Lakes Research Program. Straskrasovi V., Cavrieri C. & Forr J. (eds), Journal of Limno-
logy, 58: 117-126.



